ABSTRACT. Isoproterenol, dobutamine, dopamine, and nitroprusside are four vasoactive drugs used to decrease pulmonary arterial pressure and increase cardiac output in newborns, infants, and children with sepsis. Thromboxane A2 likely produces some of the hemodynamic changes in sepsis, and U46619, a thromboxane A2 mimetic, produces similar changes in lambs. We studied the hemodynamic effects of these four vasoactive drugs in 10 spontaneously breathing newborn lambs during an infusion of U46619. After baseline hemodynamic measurements, U46619 (1-2 pg/kg/min) was infused to increase pulmonary arterial pressure and to decrease cardiac output. Then, either isoproterenol(0.05-1.0 pg/kg/min), dobutamine (5-20 pg/kg/ min), dopamine (3-30 pg/kg/min), or nitroprusside (0.5-10.0 pglkglmin) was infused. Every 10 min, measurements were repeated and the dose increased. U46619 significantly increased pulmonary arterial pressure by 182% and decreased cardiac output by 25% ( p < 0.05). Isoproterenol decreased pulmonary arterial pressure by 30% ( p < 0.05) and increased cardiac output by 25% (p < 0.05) at low doses, and increased cardiac output by 115% at the maximum dose ( p < 0.05). Dobutamine decreased pulmonary arterial pressure by 11% ( p < 0.05) and increased cardiac output by 28% ( p < 0.05) at low doses, and increased cardiac output by 71% at the maximum dose ( p < 0.05). Dopamine did not decrease pulmonary arterial pressure or increase cardiac output. Nitroprusside decreased pulmonary arterial pressure by 11% at the maximum dose (p<0.05). Isoproterenol and dobutamine may be more useful than dopamine and nitroprusside in the management of pulmonary hypertension and decreased cardiac output during sepsis. (Pediatr Res 29: 167-172, 1991) The hemodynamic consequences of sepsis include pulmonary hypertension and decreased cardiac output. Newborns and infants with sepsis often require aggressive intensive care management, including the use of the vasoactive drugs isoproterenol, dobutamine, dopamine, or nitroprusside. Clinically, the hemodynamic effects of each vasoactive drug are difficult to assess because multiple therapies are used simultaneously and the patient's small size makes measuring pulmonary arterial pressure and cardiac output difficult. Although the hemodynamic effects of these vasoactive drugs have been studied in the adult, agerelated differences in the cardiovascular system necessitate study in the newborn and infant. Supported by Grant HL 35518 from the National Heart, Lung, and Blood Institute.
mum dose ( p < 0.05). Dobutamine decreased pulmonary arterial pressure by 11% ( p < 0.05) and increased cardiac output by 28% ( p < 0.05) at low doses, and increased cardiac output by 71% at the maximum dose ( p < 0.05).
Dopamine did not decrease pulmonary arterial pressure or increase cardiac output. Nitroprusside decreased pulmonary arterial pressure by 11% at the maximum dose (p<0.05). Isoproterenol and dobutamine may be more useful than dopamine and nitroprusside in the management of pulmonary hypertension and decreased cardiac output during sepsis. (Pediatr Res 29: 167-172, 1991) The hemodynamic consequences of sepsis include pulmonary hypertension and decreased cardiac output. Newborns and infants with sepsis often require aggressive intensive care management, including the use of the vasoactive drugs isoproterenol, dobutamine, dopamine, or nitroprusside. Clinically, the hemodynamic effects of each vasoactive drug are difficult to assess because multiple therapies are used simultaneously and the patient's small size makes measuring pulmonary arterial pressure and cardiac output difficult. Although the hemodynamic effects of these vasoactive drugs have been studied in the adult, agerelated differences in the cardiovascular system necessitate study in the newborn and infant.
The hemodynamic consequences of sepsis, pulmonary hypertension and decreased cardiac output, appear to be mediated in part by thromboxane A2, a cyclooxygenase metabolite of arachidonic acid (1-4). The infusions of Escherichia coli endotoxin or live or heat-killed group B P-hemolytic streptococci into dogs, piglets, and sheep cause a marked increase in pulmonary arterial pressure and a decrease in cardiac output, associated with an increase in the plasma concentration of thromboxane B2, the stable metabolite of thromboxane A2 (1, 4, 5) . U46619, an endoperoxide compound (Upjohn Co., Kalamazoo, MI), causes contractions of smooth muscle strips similar to thromboxane A2 (6, 7) and the infusion of U46619 in lambs produces a dosedependent increase in pulmonary arterial pressure and a dosedependent decrease in cardiac output (8) . These hemodynamic effects are constant throughout the infusion of U466 19, dissipate 1 min after the infusion is stopped, and are reproducible with subsequent infusions. These properties of infusions of U466 19 allow for comparisons of the hemodynamic effects of other vasoactive drugs during steady state pulmonary hypertension and decreased cardiac output. Therefore, the purpose of our study was to determine the hemodynamic effects of four vasoactive drugs, isoproterenol, dobutamine, dopamine, and nitroprusside, in newborn lambs with pulmonary hypertension and decreased cardiac output caused by an infusion of U466 19.
MATERIALS AND METHODS
Surgical preparation. Under local anesthesia, 10 newborn lambs from 3 to 5 d of age had polyvinyl catheters placed into the artery and vein of both hind legs and advanced to the descending aorta and inferior vena cava, respectively. Then, general anesthesia was induced by having the lamb breathe a mixture of oxygen and halothane. The lamb was intubated with a 4.5-mm endotracheal tube and mechanically ventilated. Anesthesia was maintained with 1-2% halothane.
A left lateral thoracotomy was performed in the 4th intercostal space. Polyvinyl catheters were placed into the internal thoracic artery and vein and advanced to the ascending aorta and right atrium, respectively. The pericardium was excised along the main pulmonary trunk. Three Teflon cannulas attached to polyvinyl catheters were inserted, two into the main pulmonary artery, and one into the left atrium. A precalibrated electromagnetic flow transducer was placed around the ascending aorta to measure cardiac output. A chest tube was placed into the pleural space. The catheters were filled with heparin sodium, plugged, and, along with the flow probe cable, brought to the skin and secured in a pouch on the lamb's flank. The lamb was weaned from mechanical ventilation, extubated, and returned to its mother. An intramuscular injection of 1 mL of penicillin G procaine and 1 mL of dihydrostreptomycin sulfate suspension was given daily. Three d were allowed for recovery. This protocol was approved by the Committee on Animal Research, University of California, San Francisco.
Experimental protocol. With the lambs spontaneously breathing and resting quietly in a sling, the baseline hemodynamic variables (pulmonary and systemic arterial pressures, right and left atrial pressures, heart rate, and cardiac output) and systemic arterial pH and blood gases were measured. Then U46619 (1-2 fig/kg/min) was infused into the inferior vena cava to increase mean pulmonary arterial pressure to approximately two times baseline and decrease cardiac output. When this pulmonary arterial pressure was attained, the dose was not changed for the remainder of the study. After 10 min of stable pulmonary hypertension and decreased cardiac output, the hemodynamic variables and systemic arterial pH and blood gases were measured.
During the infusion of U466 19, an i.v. infusion of a randomly selected vasoactive drug was started. The vasoactive drug was either isoproterenol (0.05, 0.1, 0.2, 0.4, and 1.0 pg/kg/min), dobutamine (5, 10, 15, and 20 fig/kg/min), dopamine (3, 5, 10, 15 , and 30 pg/kg/min), or nitroprusside (0.5, 1, 2, 5, and 10 fig/ kg/min). The infusions were started at the lowest dose and increased in a stepwise fashion. Each dose was infused for 10 min. Five min were allowed for the hemodynamic changes to occur. The hemodynamic variables and systemic arterial pH and blood gases were measured after 5 more min of a hemodynamic steady state. When necessary, warm 0.9% normal saline was infused to maintain left atrial pressure constant. Saline was only administered during the infusion of nitroprusside; no lamb received more than 3 mL/kg. After the maximum dose was infused, the infusion of U46619 was continued alone for 10 min. All measurements were repeated and the infusion of U46619 was then stopped. The lambs were allowed a minimum of 30 min to recover between drug studies. Only two vasoactive drugs were studied each day. The remaining two vasoactive drugs were studied 24 h later.
Drugpreparation. All drugs were prepared immediately before use. U46619 in ethanol, stored at -20°C, was diluted in 0.9% normal saline. Isoproterenol, dobutamine, and dopamine were diluted in 0.9% normal saline; nitroprusside was diluted in 5% dextrose in water. Infusion rates varied between 0.3 and 1 mL/ min.
Measurements and analysis. Pulmonary and systemic arterial and right and left atrial pressures were measured by Statham PDb23 pressure transducers (Hato Rey, Puerto Rico). Mean pressures were obtained by electrical integration. Cardiac output (left ventricular output minus coronary blood flow) was measured on a Statham SP2202 flowmeter. Heart rate was measured on a cardiotachometer triggered from the phasic systemic arterial pressure pulse wave. All hemodynamic variables were continuously recorded on a multichannel direct writing recorder. Rectal temperature was measured. Systemic arterial pH and blood gases (corrected for body temperature) were measured on a Corning 158 pH/blood gas analyzer (Corning Glass Works, Corning, NY).
Statistical analysis. Pulmonary and systemic vascular resistances and stroke volume were calculated using standard formulas. For each vasoactive drug, the means k SD were calculated for the hemodynamic variables, pulmonary and systemic vascular resistances, stroke volume, and systemic arterial pH and blood gases during the baseline period, during the infusion of U466 19 alone, and during the infusion of U466 19 with each dose of the vasoactive drug. These were compared using analysis of variance for repeated measures and the Student-Newman-Keuls test for multiple comparisons. A p < 0.05 was considered statistically significant.
RESULTS
U466 19, when infused alone, increased mean pulmonary arterial pressure by 182% ( p < 0.05) and mean systemic arterial pressure by 18% ( p < 0.05) and decreased cardiac output by 25% ( p < 0.05) compared to baseline. Therefore, pulmonary and systemic vascular resistances increased ( p < 0.05). In addition, heart rate decreased by 15% ( p < 0.05). There were no differences in the hemodynamic effects of U466 19 before or after the infusion of each vasoactive drug was stopped.
Isoproterenol Although there was no change in mean systemic arterial pressure, systemic vascular resistance decreased between 29 and 35% at the higher doses. Systemic arterial pH, PO*, or P C O~ did not change (Table 2) . Dopamine produced no significant changes in mean pulmo- Nitroprusside decreased mean pulmonary arterial pressure by 1 1 % at doses greater than 1.0 pg/kg/min without changing cardiac output ( p < 0.05) (Fig. 4) . Nitroprusside decreased systemic arterial pressure by 12% at the maximum dose ( p < 0.05) ( Table 1 ). There were no significant changes in vascular resistances, stroke volume, heart rate, or systemic arterial pH, Po2, or Pco2 (Table 2) .
-

DISCUSSION
Pulmonary hypertension and decreased cardiac output are two hemodynamic consequences of sepsis. In this study, by infusing U466 19 rather than bacteria, the hemodynamic effects of four vasoactive drugs commonly used in the treatment of sepsis were assessed in the same newborn lambs with the same degree of pulmonary hypertension and decreased cardiac output. The results of our study demonstrate that these four vasoactive drugs have different hemodynamic effects. Isoproterenol and dobutamine decreased pulmonary arterial pressure and increased cardiac output more than dopamine or nitroprusside. Also, isoproterenol and dobutamine decreased pulmonary arterial pressure at doses that did not increase cardiac output, suggesting that these vasoactive drugs produce pulmonary vasodilation and decrease pulmonary vascular resistance. Cardiac output and heart rate increased with increasing doses of both vasoactive drugs. Dopamine did not significantly change pulmonary arterial pressure or cardiac output and increased systemic arterial pressure at the highest dose. Nitroprusside decreased pulmonary arterial pressures nonselectively without changing cardiac output. These differences in hemodynamic effects of the four vasoactive drugs are due to differences in their pharmacologic properties. Isoprcterenol, a PI-and P2-adrenergic agonist, and dobutamine, a PI-, P2-, and al-adrenergic agonist, are used in the treatment of children with pulmonary hypertension (9). Animal studies have shown that isoproterenol and dobutamine decrease pulmonary arterial pressure and pulmonary vascular resistance during hypoxic pulmonary vasoconstriction and during sepsisinduced lung injury (9-12). Similarly, in our study, isoproterenol and dobutamine decreased pulmonary arterial pressure and pulmonary vascular resistance. At the lowest dose of each vasoactive drug, cardiac output or atrial pressures did not change, suggesting that isoproterenol and dobutamine produced pulmonary vasodilation. Isoproterenol decreased pulmonary arterial pressure and vascular resistance more than dobutamine and also decreased systemic arterial pressure because it is a more potent P2-adrenergic agonist than dobutamine and has no al-adrenergic activity (1 3). Inasmuch as isoproterenol did not decrease systemic arterial pressure at low doses, and it did decrease pulmonary vascular resistance more than systemic vascular resistance at each dose, isoproterenol has a greater effect on the pulmonary than on the systemic circulation in this model.
Isoproterenol and dobutamine are also used in the treatment of children with decreased cardiac output. In animal studies, isoproterenol and dobutamine did not increase cardiac output in normal newborns, but did increase cardiac output in older animals (14, 15) . This age-related difference in the ability of these vasoactive drugs to increase cardiac output may be due to the higher resting cardiac output in the normal newborn whose heart functions at the maximum contractile state with little available contractile reserve (16). However, in hypoxic newborn lambs, isoproterenol and dobutamine increased cardiac output by 50% (17) . Similarly, in our study in which cardiac output was decreased by the infusion of U466 19, isoproterenol and dobutamine at the maximum dose increased cardiac output by 115 and 7 1 %, respectively. Isoproterenol increased cardiac output more than dobutamine because it increased heart rate more than dobutamine. Because isoproterenol did not increase stroke volume when left atrial pressure or preload was held constant, there was likely no change in contractile state. However, inasmuch as dobutamine increased stroke volume when left atrial pressure or preload was held constant, contractile state likely increased. The increase in cardiac output produced by isoproterenol was likely due to a large increase in heart rate and a decrease in vascular resistance or afterload, whereas the increase in cardiac output produced by dobutamine was likely due to a smaller increase in heart rate, an increase in contractile state, and a smaller decrease in afterload. These studies show that the newborn, when hemodynamically compromised, can significantly increase cardiac output in response to PI-adrenergic stimulation by increasing heart rate (for isoproterenol and dobutamine) or by increasing contractile state (for dobutamine).
Dopamine, a PI-, P2, al-adrenergic, and dopaminergic agonist that also releases norepinephrine from myocardial stores, is used in the treatment of newborns, infants, and children with pulmonary hypertension and decreased cardiac output (18). However, in animal studies its effect on pulmonary arterial pressure has been inconsistent. For example, dopamine has increased, decreased, or had no effect on pulmonary arterial pressure during hypoxic pulmonary vasoconstriction (10, 11, 19, 20) . In our study, dopamine had no effect on pulmonary arterial pressure at any dose and increased systemic arterial pressure at the highest dose because it is an al-adrenergic agonist. At low doses, the aladrenergic activity offsets the vasodilation produced by dopamine's @?-adrenergic activity and at higher doses it produces vasoconstriction. Similarly, dopamine's effect on cardiac output has also been inconsistent (19, 21) . In our study, dopamine had no effect on cardiac output because it did not increase heart rate or decrease afterload. Dopamine is a less potent PI-and @2-adrenergic agonist than either isoproterenol or dobutamine (1 3). In addition, the newborn heart may have a decreased response to dopamine because it has decreased norepinephrine stores or decreased sympathetic innervation (22). Stroke volume did increase at the highest dose, whereas heart rate tended to decrease, suggesting thatdopamine may have increased contractile state. However, the failure of dopamine to significantly increase heart rate or decrease afterload (systemic Gerial actually increased) prevented a significant increase in cardiac output. Dopamine also decreased arterial O2 pressure at each dose due to a ventilation-perfusion mismatch. For example, in mechanically ventilated patients, dopamine increased blood flow to poorly ventilated alveoli and decreased blood flow to well-ventilated alveoli without changing the distribution of ventilation (23).
Nitroprusside, a direct arteriolar and venous dilator, is used to decrease pulmonary arterial pressure in neonates with persistent pulmonary hypertension and to increase cardiac output in infants and children with congenital heart disease (24, 25). However, in animal models of pulmonary hypertension, nitroprusside decreased pulmonary arterial pressure nonselectively (26, 27) and did not affect cardiac output (28, 29) . We found similar results in our study. Nitroprusside did not increase cardiac output because unlike isoproterenol or dobutamine it did not increase heart rate, stroke volume, or contractile state. Therefore, a decrease in pulmonary arterial pressure (similar to dobutamine) and a decrease in systemic arterial pressure (similar to isoproterenol) alone are not enough to increase cardiac output. Alternatively, even though left atrial pressure was maintained constant during the infusion of nitroprusside by the administration of saline, in this range of left atrial pressure left ventricular enddiastolic volume may have changed because the heart is functioning on the flat portion of the diastolic pressure-volume curve, where the lack of change in left atrial pressure may not reflect true changes in left ventricular end-diastolic volume. Preload may have actually decreased during the infusion of nitroprusside and, therefore, cardiac output could not increase with the decrease in pulmonary and systemic arterial pressures.
In conclusion, in newborn lambs with pulmonary hypertension and decreased cardiac output induced by the infusion of U466 19, a thromboxane A2-mimetic, isoproterenol and dobutamine at low doses selectively decreased pulmonary arterial pressure and output. ~h~ ability o~~soprotereno~ and dobutamine to decrease 22. Friedman WF 1973 The intrinsic properties of the developing heart. In:
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